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ABSTRACT 

We derive stellar masses, ages and star formation histories of massive early-type galaxies in the 
z=1.237 RDCS1252. 9-2927 cluster and compare them with those measured in a similarly mass-selected 
sample of held contemporaries drawn from the GOODS South Field. Robust estimates of these 
parameters are obtained by comparing a large grid of composite stellar population models with 8-9 
band photometry in the rest-frame NUV, optical and IR, thus sampling the entire relevant domain of 
emission of the different stellar populations. Additionally, we present new, deep J7-band photometry 
of both helds, giving access to the critical FUV rest-frame, in order to constrain empirically the 
dependence on the environment of the most recent star formation processes. We also analyze the 
morphological properties of both samples to examine the dependence of their scaling relations on their 
mass and environment. We hnd that early-type galaxies, both in the cluster and in the field, show 
analogous optical morphologies, follow comparable mass vs. size relation, have congruent average 
surface stellar mass densities and lie on the same Kormendy relation. We also that a fraction of 
early-type galaxies in the field employ longer timescales, r, to assemble their mass than their cluster 
contemporaries. Hence we conclude that, while the formation epoch of early-type only depends on 
their mass, the environment does regulate the timescales of their star formation histories. Our deep 
£/-band imaging strongly supports this conclusions. I shows that cluster galaxies are at least 0.5 mag 
fainter than their field contemporaries of similar mass and optical-to-infrared colors, implying that 
the last episode of star formation must have happened more recently in the field than in the cluster. 
Subject headings: galaxies: clusters: individual: RDCS1252. 9-2927 — galaxies: high-redshift — galax- 
ies: fundamental parameters — galaxies: evolution — galaxies: formation — galax- 
ies: elliptical — cosmology: observations 



1. INTRODUCTION 

The description of galaxy formation and evolution be- 
comes far more complicated if one considers that a galaxy 
is not an isolated island universe. Many observations 
have shown that galaxies are in fact parts of groups, 
clusters and super-clusters, and that their properties are 
correlated with the environment in which they live. Sev- 
eral authors have shown that the local and the large- 
scale environments play an important role in determin- 
ing many galaxy properties, su ch as star formation rate , 
gas content and m orphology (jKodama fc Bowerl 120011 : 
iBalogh et al.ll2002l ). Several mechanisms have been pro- 
posed by theorists to account for these effects, such 
as ram pressure str i pping, merger s and tidal effects 
(iGunn fc Gottl 119721 : iDressler et all Il997t iMoore et all 
I1996L I1998L I1999T) . 

More than half of all stars in the local Universe are 
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found in massive spheroids (e.g., iBell et alJ (|2003t l). 
To derive the assembly history of the bulk of the 
stellar mass in the Universe it is thus fundamental 
to understand how and when the early-type galaxies 
(hereafter, ETGs) built up their mass. Several stud- 
ies at 1 < z < 1.5 indicate that the most massive 
galaxies in the field (M star . s > 10 11 Mq) may also 
be the oldest at a given epoch jC imatti et al. 120041 : 
Fontana et al.l2004l : ISaracco et al l2004lTreu et al.ll2005l : 
Juneau et al .1 120051 : iTanaka et all 120051) . Other studies 
have shown that the massive early-type cluster galaxies 
have evolved mainly passively since z ~ 1.0 and that, 
since then, field galaxies have evolved as slowly as clus- 
ter galaxies dBernardi et "al"]|1998l : Ivan Dokkum fc Franxl 
199a Ivan Dokkum fc Fran^OOltffreu et al II1999L 120011: 
Kochanek et all 120001 : Ivan Dokkum fc Stanford! 120031 : 
Strazzullo et"aLl 120061 : iDe Propris et all I2007D These 
studies imply an epoch of massive early-type galaxy for- 
mation at redshifts well beyond z — 2. At earlier epochs, 
an abundance of dusty and star forming galaxies are 
found, which appear to be t he progenitors of massive 
ETG (|Adelberger et alJ 120051 ). Contrary to what is ob- 
served in low redshift clusters, observations of z > 2 
proto-clusters have shown that the quiescent red se- 
quence, which trac es the passively e volving ellipticals, 
has yet to appear (jKurk et al.l T2004) . This supports a 
paradigm where a more rapid evolution in denser en- 
vironments is occurring a z ~ 2 . Mor e recent studies 
(jKodama et al.l 120071 : IZirm et al.l l2008f > reveal the ap- 
pearance of the red sequence of galaxies by 2 < z < 3, 
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although with a large scatter. 

Thus, galaxy cluster samples at 1.0 < z < 2.0 pro- 
vide a key link to the more active epoch at z > 2 
where proto-clusters around powerful high redshift ra- 
dio ga laxies are not yet populated by passively evolving 
ETG (jKurk et all 12004) . Cluster galaxies have evolved 
and were more luminou s and bluer at high redshift 
(e.g. Ivan Dokkum et aTl (119981 ) ). Other observationa l 
results, e.g. lLabbe et al . ( 2005). IPapovich et al.l ([2006). 
iKriek eta l. (2006), suggest that by z ~ 2 we are enter- 
ing the star formation epoch of massive ETGs, leading 
us to ask whether the properties of ETG at intermediate 
redshift are consistent with this interpretation. On the 
basis of these studies, the evidence seems not only to in- 
dicate an epoch of massive early-type galaxy formation 
at z > 2 but also that in the range 1.0 < z < 2, the 
environmental effects start to become more substantial. 

In fact, the most distant clusters known to date (all 
at z < 1.5) provide the strongest test of model predic- 
tions. Relevant investigations include the observation of 
the aft ermath of an off-ax is merger in XMMXCS2215.9- 
1738 ([Hilton et alj 120071) at z=1.4 5, a tight red se- 
quence of ETG at 0.8 < z < 1.3 dRosati et al.l 120041: 
Blakeslee et ah 2003; Blakes lee et~aIll2006l:lLidman et al.1 



2004H Mei et al. 2006a. b), a slowly evolving if -band lumi- 



nosi ty function at odds with hierarchical me rging scenar- 
ios ([Toft et al.l 120041: iStrazzullo et al.ll2006f) . and a tight 
and slowly evo lving Fundamental Plane (hereafter, FP) 
out to z—1.25 (Holden et al. 2005) have been found. In- 
triguingly, iSteidel et al.l (|2005| ) have found that galaxies 
in a proto-cluster environment at z = 2.3 have mean 
stellar masses and inferred ages that are ~ 2 times larger 
than identically selected galaxies outside of the structure. 

A long-standing prediction of hierarchical models is 
that ETG in the field are younger for a given mass 
than those in cluster cores, since gal axy formation 
is accelerated in dense e nvironments (jDiaferio et al.l 
120011: iDe Lucia et"aH l2004h . Studies a t low redshift 
using chemical abundance indicators (|Bernardi et al.l 
2006) or the ana lysis of fossil record data via line 
stren gth indices dThomas et al.1 [20051 : iClemens et al.1 
l2006tlSanchez-Blazquez et al.ll2006D suggest that star for- 
mation in low density environments was delayed by 1- 
2 Gyr. FP studies at z ~ 1 have shown that massive 
ETG in the field and in clusters (M* > 3 • 10 10 M Q ) 
share the same FP evolution (M/L vs. z) and have ap- 
proximately similar ages (within ~ 0.4 Gyr) and star 
forma ti on histories (e.g.. Ivan Dokkum fc van der Marell 
(|2007l) . Idi Serego Alighieri et all (|2006t )). FP studies 
have also shown that M/L ratios of massive cluster and 
field ETG evolve slowly and regularly and that there is 
evidence that low- mass galaxies evolve faster than high- 
mass g a laxies (e.g. iHolden et al.l (120051) : lJ0rgensen et al.l 
(120061): iTreu et all (l2005j ) Hyan der Wei et al.l (12005) ; 
Idi Serego Alighieri et al.l ([2005)). This so-called down- 
sizing effect is at odds wi t h earl i er semi-analytic model 
predictions (|Baugh et all 119961 : iKauffmann fe Charlotl 
119981: iSomerville et al.l l2004f) (see also iRenzinil (|2006D ). 
although it can be reconciled in the most recent ver- 
sions based on AC DM cosmogony (|De Lucia et al.ll2006D 
and assuming that dry-mergers between non star-forming 
ETG may occur and build up the massive early-type 
galax y population ([Khochfar fe Burkertj |2003: Bel l et al.1 
120051) . 



The majority of the above mentioned studies have fo- 
cused on rest-frame optical and/or infrared spectropho- 
tometry data. However, the optical spectrum re- 
mains largely unaffected by moderate amounts of past 
or recent star formation. More recently, deep opti- 
cal surveys (e.g FIR ES dFranx et al I l2003h. G OODS 
(iGiavalisco et al.l 12004ft COMBO-17 (|Wolf et al.l l200l. 
MUSYC ([Gawiser et aLll2006l) ) have provided access to 
the rest-frame UV spectrum beyond z ~ 0.5, enabling 
more in-depth studies of the ETG population. Stud- 
ies of local ETG have revealed the existence of rela- 
tively young stellar populations. Such fossil record obser- 
vations of absorptio n line-strengths (|Trager et al.l l200~0l : 
iThomas et al.| [2004) find that stellar populations younger 
than ~ 5 Gyr (i.e. which must have formed between 
z ~ 1 and the present-day) are common in ETGs. Fur- 
thermore, a significant fraction of z < 0.1 ETG show 
relatively blue NUV-op tical colors (iKavirai et al.| [2005). 
within extended disks (|Kauffmann et al.ll2007f) . indicat- 
ing star-formation over the past Gyr. The inferred re- 
cent star-formation amounts to only ~ 1% of the to- 
tal ste llar mass. In a more recent study, iKavirai et al.l 
(2007) have also shown that a significant fraction of 
0.5 < z < 1.0 ETG show relatively blue NUV col- 
ors, indicating star-formation over the past 1 Gyr. At 
slightly higher redshift, spectroscopic studies at z ~ 1.2 
have shown that both the b rightest ETG of RDCS1252.9- 
2927 (iDemarco et al.ll2007ft and the m assive ETG in the 
GDDS fields (|Le Borgne et al.l l2006h show evidence for 
recent (i.e., within lGyr) star- formation on the basis of 
prominent post-starburst features in galaxy spectra (e.g., 
Hs absorption line). 

However, since little is known about the dependence on 
the environment of the recent star-formation rates (here- 
after, SFR) in ETG at z ~ 1.2, in this work, we comple- 
ment our modeling of galaxy Spectral Energy Distribu- 
tions (hereafter, SEDs), from NUV to NIR, presenting 
result of deep observations of ETG in cluster and field 
obtained with VLT/VIMOS in the [/-band filter, that 
directly probes the FUV regime at the redshift of our 
samples, as shown in Fig [TJ 

By studying stellar population ages at z — 1.2, we 
provide a key test of the paradigm of an accelerated evo- 
lution in the highest density environments. For galaxies 
observed at z < 1 most of their difference could have 
been smoothed out by billion years of mostly passive evo- 
lution. By comparing stellar masses, ages and inferred 
star formation histories of cluster ellipticals with their 
field contemporaries, we directly test the prediction that 
the cluster environment should display accelerated evo- 
lution, resulting in larger masses and ages. 

The primary observational goal of this work is to 
use HST/ ACS in the rest-frame Near-UV (hereafter, 
NUV) and optical 8 ,and VLT/ISAAC, Spitzer/IRAC in 
the rest-frame near-IR (hereafter, NIR) 9 to measure stel- 
lar population ages and m asses for ETG in th e z=1.237 
RDCS1252.9-2927 cluster ([Rosati et al.ll2004f ) and com- 
pare them to those measured on similarly selected sample 
of field contemporaries drawn from the GOODS South 

8 wavelength ranges which are known to be stellar population 
age sensitive 

9 a wavelength range which is known to be strong ly correlated 
with the underlying stellar mass (Gavazzi et al. 1996) 
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Field. This allows us to directly analyze the entire rel- 
evant spectral energy distribution of the different stel- 
lar populations, enabling us to improve constraints on 
galaxy ages, masses and star formation histories in both 
environments at z ~ 1.2. 

We note that in an accompanying paper. IGobat et alJ 
we also compare the coadded spectroscopic infor- 
mation available on both samples of ETG with a large 
grid of composite stellar population models. 

We also analyze the morphological properties of ETG 
in the field and in the cluster. By studying scaling 
relations in this relevant redshift range we can trace 
back where the majority of stars formed as a function of 
the environment and stellar mass. 

The structure of this paper is as follows. The descrip- 
tion of our data-sets, cataloging and sample selection is 
described in §2. In §3 we describe our methods in de- 
riving galaxy sizes and morphologies as well as inferring 
ages and masses from stellar population analysis. The 
results of our study are discussed in §4, while in § 5 we 
summarize our conclusions. 

We assume a Ha — 0.73, Q m = 0.27 and H = 71 km • 
s -1 • Mpc -1 flat universe (jSpergel et al.l 120031 ) . and use 
magnitudes in the AB system throughout this work. 

2. DESCRIPTION OF THE DATA 

This work is based on spectroscopic and photometric 
data of two fields which have extensive spectral cover- 
age over the wavelength range 0.4 — 8/xm: the Chan- 
dra Deep Field South (hereafter, CDFS) observed by 
the Great Observatori es Origin Deep Survey (GOODS, 
(jGiavalisco et al.1 120 04)) and the field around the X-ray 
luminous clus ter RDCS1252.9-2 927 at z = 1.237 (here- 
after CL1252: lRosati et al.ll200l . 

The archival data for the CDFS comprise deep imag- 
ing in 8 bands, HSTJACS (B F i35W , Vfqogw, insw, 
z F850LP ) (iGiavalisco et alJl200l . VLT /ISAAC, {J,K S ) 
(Retzlaff et al., in prep.), Spitzer /IRAC (3.6/xm, 4.5/zm) 
10 , as well as spectroscopic data taken wit h VXT/FORS2 
3001 grism by the ESO-GOODS survey (IVanzella et all 
l2005ll2006h and the K20 survey (jCimatti et al.ll2002ft . 

The archival data for CL1252 consist of deep imag- 
ing in 9 bands, |/LT/FORS2 (B V R), HST/ ACS 
(iF775W,Z F£msl dBlakeslee et al.l l2003ft . VLT /ISAAC 
(J S ,K S ) (jLidman et al.1 12004ft . Spitzer /IRAC (3.6/xm, 
4.5/im), as well as spectroscopic da ta taken with 
VLT/ FORS2 and already published in De marco et al.l 
(|200l . 

2.1. Cataloging of observations and sample selection 

This work bu ilds on the analysis performed on the same 
data-sets by iRettura et alJ (|2006ft . where photometric- 
stellar (hereafter, simply stellar) masses and dynamical 
masses of z ~ 1 ETG with known velocity dispersion 
measurements were analyzed for both the CDFS and 
CL1252. We refer to the above mentioned paper for more 
details about data reduction and cataloging (e.g., photo- 
metrical errors, PSF- matched photometry). 

The resulting data-sets for the cluster and the field 

10 CDFS imaging and spectroscopic data are pub- 
licly available throu gh the G OODS collaboration web-site: 
http://www.stsci.edu/science/goods/ 



have homogeneous depths and wavelength coverage, al- 
lowing the application of similar selection criteria for 
both samples. The data allow the reconstruction of 
galaxy SED by sampling the entire relevant spectrum 
range emitted by all the different stellar populations. 
As is shown in Fig [IJ our SED-fitting analysis is based 
on data from the NUV rest-frame (B-band observations 
are centered at A ~ 2000A at z~ 1.2) through the NIR 
(IRAC/4.5/xm imaging probes the ~ 2^m rest-frame at 
the redshift of CL1252). 

The availability of 8 to 9 passbands spanning such a 
large wavelength range enables the estimate of accurate 
stellar masses of ETGs (R ettura et alJ 12006ft and makes 
it possible to compare stellar population properties of 
homogeneously selected samples of ETG in both envi- 
ronments. In addition, high quality HST / ACS zfs50LP~ 
band imaging enables the study of their morphologies in 
great detail. 

Throughout this work, we compare morphological and 
stellar population properties of cluster galaxies with 
those shown by a sample of field contemporaries drawn 
from the spectroscopic surveys in the redshift range 
z = 1.237±0.15. Although photometric-redshift selected 
samples are widely employed in the literature, we do not 
favor this approach, as we believe it may result in the 
pollution of the samples by a large fraction of redshift 
outliers, which could adversily affect our conclusions. 

The depth of the VLT/ISAAC images and the ex- 
tended multi-wavelength data for both fields allows us 
to define compl ete mass-sele c ted sa mples. In an accom- 
panying paper, IGobat et alJ (|2008ft . we study the rela- 
tive photometric and spectroscopic completeness of our 
CDFS and CL1252 mass-selected samples. The reader 
is referred to that paper for more details. Here, we note 
that photometric completeness is obtained if we limit our 
analysis to stellar masses larger than Mu m — 5 • 1O 1O M . 

A selection of CL1252 ETG along the cluster red- 
sequence is effici ently provided by a c olor selection of 
«775 — z 850 > 0-8 dBlakeslee et aT1l2003ft . In the spectro- 
scopic sample of iDemarco et all (|2007ft there are 22 red 
sequence galaxies (1775 — zsso > 0-8) with M* > Mu m , 
of which 18 are classified as passive ETGs, with no emis- 
sion line in their observed spectra. For the corresponding 
CDFS field sample, the same criteria yield 27 ETG in 
CDFS with FORS2 spectra giving redshift in the range 
z = 1.237 ± 0.15. From visual morpholog ical analy- 
sis, fo llowing the classification scheme of Blakcslc e et al.1 
(2003), the vast majority of the selected ETG also have 
typical elliptical or lenticular morphologies 

Comparing, as a function of stellar mass, each spec- 
troscopic sample with its corresponding photometric- 
redshi ft sample (see Fig.l and Table 1 of IGobat et al.l 
(2008)) we find that the spectroscopic follow-up for 
CL1252 is more complete at the low mass end (reach- 
ing a ~ 60% completeness by M» = Mu m ) than in CDFS 
(reaching a 60% completeness only by M* ~ 2 • lO 11 ]^©). 
Thus our sample of ETG in CDFS is likely to be more 
incomplete at the low mass end than the CL1252 one. 
We will return to this point when discussing our results 
in §4.2. 

2.2. VIMOS U-band photometry of CDFS and 
RDCS1252.9-2927 fields. 
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The new observations with VLT /VIMOS in the U- 
band allow us to directly study the FUV rest-frame emis- 
sion, which is very sensitive to recent star formation. 
This allows us to constrain the instantaneous and recent 
star-formation in massive ETG as a function of their en- 
vironment. 

The reader is referred to lNonino et al.l (|2008f ) for more 
details on data reduction and cataloging. These surveys 
provide deep [/-band imaging in the CDFS for a total in- 
tegration time of ^15h, to AB depths of U— 28.27 mag 
(3ct, 1" radius aperture), and in the cluster region for a 
total integration time of ~2.5h, to AB depth of C/=27.3 
mag. We note that the ~1 mag difference in depth be- 
tween the two data-sets is not only due to the differ- 
ence in the total allocated time, but also to the larger 
galactic extinction at the location of the CL1252 clus- 
ter (A(V) = 0.247, compared to the one at the CDFS 
location, A(V) = 0.026) . Assu ming an extinction fol- 
lowing the iCardelli et alj (| 19881 ) relation, we estimate a 
dimming of ~ 0.4 mag in the VIMOS [/-band for CL1252 
with respect to CDFS. 

The VIMOS U-band filter has a colour term with re- 
spect to standard Johnson U-band filter. However this 
term has been set to zero both in CL1252 and CDFS 
fields in the process of catalog creation, thus placing the 
reported magnitudes in the VIMOS-U system. 

3. DATA ANALYSIS 
3.1. Derivation of Galaxy Sizes and Morphologies 

To find structural differences shown by ETG of the 
same mass in different environments we have to study 
their morphology in a more quantitative way than a sim- 
ple visual analysis. One way is to model and compare 
their galaxy light distributions, which are known to cor- 
relate with galaxy type and dynamical state. We also 
measure and compare galaxy sizes as a function of their 
mass, to obtain information on the physical scale of the 
potential well in which the stellar mass is assembled. 

We have used GIM2D, a fitting algorithm for pa- 
rameterized two-dimen sional modeling of surface bright- 
ness (SB) distribution (|Simardlll99"l iMarleau fc Simardl 
1998), to fit each ga laxy light distribution by adopting a 
simple ISersid ()1968l ) profile of the form: 

I(r)=I en -10- b ^ R ^ 1/n - 1 \ (1) 

where b n — 1.99n — 0.33 (| Capacciolil 1 1 989f) . and i? e ,„ is 
the effective radius (i.e., the projected radius enclosing 
half of the light). The classical de Vaucouleurs profile 
thus simply corresponds to a Sersic index n = 4 and 
b n = 7.67 in Eq. [TJ In this work, we allow n to span the 
range between and 5. 

GIM2D performs a profile fit by deconvolving the data 
with the point spread function. We model PSFs with 
analytic functions from visually selected stars in the sur- 
rounding (30" x 30") region of each galaxy. We model 
a different PSF for each region in order to account of 
PSF variations with the position in the field. A 2D 
radial multi-gaussian function has been fitted simulta- 
neously to tens of selected stars around the galaxies of 
our sample with outputs being stacked together to cre- 
ate a singl e PSF image for eac h region. The reader is 
referred to iRettura et a l. ( 2006) for more details on our 
method for modeling galaxy PSFs and SB profiles from 



HST/ ACS images. Here we also note that usin g PSF 
const ructed with distortion-corrected Tiny Tim (|Kristi 
19951) models resu l ts in n egligible di f ferenc es (see, e.g., 
van der Wei et~aTl (pool) . lTreu~et~aTl (I2005T )). 

The result of the bidimensional fit is the semi-major 
axis a e of the projected elliptical isophote containing 
half of the total light, the axis ratio b/a and the Sersic 
index n, which we have left as free parameters. The 
effective radius is computed from R e = a e yjb/a. The 
average surface brightness within the effective radius (in 
mag/arcsec 2 ) is obtained from the absolute magnitude 
M: 

(/i) e = M + 5logR e + 38.567, (2) 

with R e in kiloparsec. In order to obtain the morpho- 
logical parameters in the rest-frame B-band, which is 
customary in morphological studies, we have used the 
HST/ ACS images taken with the F850LP filter, since 
these are very close to the i?-band at the redshift of our 
galaxies for both the cluster and the field samples. 

3.2. Derivation of stellar masses and star-formation 
weighted ages 

Adopting a similar approach to IRettura et al.1 ((2006) , 
we derive stellar masses and ages for each galaxy in our 
samples using multi-wavelength PSF-matchcd aperture 
photometry from 8 and 9 passbands for the CDFS and 
CL1252 fields respectively, from observed B-band to ob- 
served 4.5/im. For each galaxy, we compare the observed 
SED with a set of composite stellar populations (here- 
after, CSP) templa t es co mputed with models built with 
iBruzual k Chariot! (120031) models, assuming solar metal- 
licitv. ISalpeterl (| 1955h Initial Mass Function ( herea fter, 
IMF) and dust-free models. In IRettura et al.l (|2006l ) we 
did investigate the effect of dust extinction on the best- 
fit stellar masses by including a f ourth free parameter , 
0.0 < E(B-V) < 0.4, following the lCardelli et all (fl989l ) 
prescription. By performing the fit on 28 ETG at z ~ 1, 
we found that in ~ 40% of the cases E(B — V) = 
gives the best fit. In the remaining cases, masses which 
are lower by 0.2 ±0.1 dex are found, with corresponding 
E{B — V) < 0.2. This test supports the validity of the 
dust-free model assumption. 

For our CSP models, we assume the following grid of 
exponentially-declining star formation history (SFH) sce- 
narios, *(T - t , t): 

*(T-*>) = e-^.^, (3) 
yr 

where 0.05 < r < 5 Gyr, T is the cosmic time and (T— 
t ) is the age 11 of the stellar population model formed at 
time t at a SFR, 

In determining galaxy model ages, masses and star for- 
mation histories from SED fitting, is important to un- 
derstand how much our estimates could possibly be af- 
fected by dust extinction, and "age-metallicity" 12 and 
"age-SFH" degeneracies. 

Galaxies could appear redder as a result of any of, a 
shorter r , a larger extinction, or an older age, would 

11 The range of acceptable ages for a given galaxy has been 
limited by the age of the universe at its observed redshift. 

12 We emply the working assumption that the most-massive 
ETG have all solar metallicitics. 
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all transform a galaxy spectrum into a redder one. This 
effect is simply illustrated in the top panel of Fig. O 
We show the 1775 — K s vs. «606 — *775 color-color plot 
of BC03 CSP models at z=1.24 superimposed on our 
CDFS ETG sample observed colors. The squares show 
the various r models predictions. The grids are drawn 
for seven different r and five model ages (2, 2.5, 3, 3.5, 
4 Gyrs): the colored lines represent iso-metallicity colors 
of solar metallicity, Zq . It is evident from this figure that 
it might become very hard to distinguish different model 
parameters with SED fitting studies based on rest-frame 
optical and infrared photometry only (i.e., A res t > 2700 
A) . However, as we show in Fig. [TJ the use of information 
coming from the rest-frame UV is crucial to distinguish 
the different parameters of the stellar population model- 
ing (e.g. ages and r). As we demonstrate in the bottom 
panel of Fig. [21 by including available UV rest-frame pho- 
tometry in the SED fits (-B-band observed-frame 13 ) we 
are able to break the "age-SFH degeneracy" . Note that 
the rest-frame UV remains also largely unaffected by the 
"ag e- metallicity" d egeneracy, which plagues optical stud- 
ies (|Wortheyl fl994) . Hence the extensive panchromatic 
method we use maintains its age-sensitivity across a large 
range of masses, ages and r, providing more reliable es- 
timates of these parameters compared to those obtained 
using optical-to-infrared studies. 

To account for the average age of the bulk of the 
stars in a galaxy, we refer throughout this paper to star- 
formation weighted ages, t, defined as: 

' x f„ T (T — t)^>(T — t , r)dt 
t(T -t ,r = — '-J — . 4 

J^(T-t',r)dt' 
Assuming ^ (T — t , t) as in Eq. [3] we obtain, 

t = T-e~ 1 ^- + (T-t')+T. (5) 

By comparing each observed SED with these atlases of 
synthetic spectra, we construct a 3D y 2 space spanning 
a wide range of star formation histories, model ages and 
masses. The galaxy mass in stars M*, the r and the 
inferred t of the models giving the lowest % 2 are taken as 
the best-fit estimates of the galaxy stellar mass, age, and 
SFH timescale. We note that this procedure results in 
typical errors for galaxy ages of ~ 0.5Gyr, and for r of ~ 
0.2Gyr. Typical uncertainties on the mass determinat ion 
are about - 40% (i.e., 0.15 dex) (jRettura et al.ll2006f) . 

The reliability of spectrum synthesis models at A fc s ~ 
1\xvn has long been debated (jMarastonl (|1998l ) and ref- 
erences therein). In the rest- frame NIR regime, in early 
stages of the galaxy evolution, a short-duration thermally 
pu lsating (TP-) AGB phase is known to be relevant. 
InlRettura et all (I2006T) we have shown that PEGASE.2 
(|Fioc fc Rocca-Volmerangelll997f). BC0 3, and Maraston 
models (hereafter M05; Maraston 200a) yield consistent 
stellar masses (within typical errors of 40%) for z^ 1 
ETGs. Therefore we do not expect our stellar mass es- 
timates to much depend on the actual stellar population 
synthesis model adopted. On the other hand, in §4.2 we 
discuss the effect on the galaxy ages of the use of other 
models such as M05. 

13 corresponding to ~ 2000 A at z = 1.24 



In Fig. [3] we plot the stellar mass versus U — B rest- 
frame color diagram of the mass-selected samples of 
CL1252 cluster early- (filled red circles) and late-type 
(red stars) galaxies as well as of CDFS field early- (filled 
blue circles) and late-type (blue stars) galaxies. The clus- 
ter ETG red sequence is evident, as well as the larger 
scatter in color of the field ETG around that sequence. 

In Fig. [4] a s imilar diagram is co mpared with the pre- 
dictions of the iMenci et al.l (|2008f ) semi-analytical mod- 
els for galaxies in clusters (defined as host Dark Matter 
haloes with M > 10 14 Af Q ); the color code represents the 
abundance, normalized to the maximum value, of galax- 
ies in a given mass — {B — V) bin. 

We note that the color and scatter of the sequence pre- 
dicted by the models indicate that the existence of ETG 
confined to a narrow CMR by z ss 1.2 is indeed con- 
sistent with predictions of hierarchical models including 
AGN feedback. However, the latter still yield a some- 
what flatter slope of the CMR and an excess of red, low- 
mass galaxies. These discrepancies constitute a common 
feature of all hierarchical models, due to the following 
physical processes: i) the biasing effect, causing low-mass 
galaxies residing in high-density environment to collapse 
earlier; ii) the starbursts, present mainly at high-redshifts 
in biased density environments (like those originating the 
clusters), triggering early star formation at z > 2; iii) 
the "strangulation" effect, namely, the stripping of gas 
in galaxies with shallow potential wells (such gas is in- 
cluded in the intra-cluster medium). In fact, in hierarchi- 
cal models, low-mass galaxies are the main cause of the 
larger fraction of red objects characterizing the galaxy 
population in high-density environments. 

4. RESULTS AND DISCUSSION 

4.1. The dependence of ETG scaling relations on 
environment 

The FP is known to be a powerful tool for st udying 
the evolution of ETGs (jDiorgovski k. Davisill987l ). In as 
similar w ay to the small sca tter of the color-magnitude 
relation dBower et al.l |1992[). the tightness of the FP 
(|Jorgensen et all 119961 : [Bernardi et all [2003) constrains 
the homogeneity of the ETG stellar population. Because 
of its dependence on galaxy luminosity, the FP is sensi- 
tive to recent star formation episodes. 

One of its projections shows a tight relation between 
the effective radius, R e , and the mean surface brightness 
< ii e > measured inside R e , also known as the lKormendvl 
(|1977l hereafter KR) relation: 

< (i e >=a+f3log(R e ), (6) 

where the slope ~ 3 is found to be costant out to 
z ~ 0.65 (|La Barbera et all |2003[ L while the value of 
a depends on the photometric band adopted to derive 
the structural parameters. Here we adopt the KR as 
one of the tools for investigating the structural proper- 
ties of ETG with the aim of understanding the role of 
the environment in shaping ETG of similar masses and 
optical-to-infrared colors. 

In Fig. (5[ we find very similar KRs for the two sam- 
ples. Both the derived zero points and slopes are con- 
sistent within the errors. These relations show that at 
the effective radius, large (massive) galaxies are fainter 
than small galaxies regardless of the environment. This 
in turn indicates that large galaxies are less dense than 
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small galaxies in both the cluster and field at z ~ 1.2. 
Fo r comparison, we overplot the KR at z ~ found 
bv lLa Barbera et all (|2003l ) (dotted-dashed red line), K- 
corrected to our rest-frame i?-band. Our galaxies are 
brighter by l-2mag than at low redshift, a discrepancy 
that other studies at 1.0 < z < 1.4 have also found dif- 
ficult to explain with the assumption that galaxies un- 
dergo only a pur e lumin osity evolution with redshift (e.g., 
lLonghetti etaTl (|2007ft ). In fact, our galaxies show an 
evolution of < /i e > which exceeds ~ 2 times the one ex- 
pected in the case of pure luminosity evolution (~ lmag). 
According to Eq. [21 the other quantity affecting < fi e > 
is the effective radius. Therefore to recover this discrep- 
ancy we can assume that, as a function of redshift, ETG 
undergo a size evolution as well: the effective radius of 
ETG should increase by at least factor ~ 1.5 from z— 1.2 
to z— both in the cluster and in the field environment. 

Recent studies of the dependenc e on environment of 
the size vs. stellar mass relation (f Truiillo et al.l 120041 : 
iMdntosh etafl 120051 : iTruiillo et a0l2fM [20f)l found 
that the bulk of galaxies with comparable stellar masses 
to ours were at least a factor 2 smaller at higher red- 
shifts than locally. This is qualitatively consistent with 
the observed trend in our data, (see Fig. O when the 
sizes and masses our samples are compared with the lo- 
cal relation for E TG in SDSS (dotted-dashed red line; 
IShen et all 120031 ). We find no-dependence on the en- 
vironment of the R e vs. M* relation, implying that 
cluster and field ETGs must undergo similar luminos- 
ity and size evolution to match the typical values found 
for the ETG at lower redshifts. To explain how com- 
pact galaxies observed at z > 1 could possibly end- 
up on the local relation, a possible evolutionary mech- 
anism that grows stellar mass and size has been sug- 
gested: a dissi pationless ("dry") merging of gas-poor 
systems (e.g., ( Ciotti fe van Alb ada 2001; Nipoti et al.l 
20031: Khochfar & Burkert 2003; Boylan-KolchineLalJ 



20061) that is efficient in increasing the size of the ob- 
jects, while remaining inefficient at forming new stars. 

In the local universe, the SFR per stellar mass (spe- 
cific star-formation rate, SSFR) correlates strongly with 
galaxy concentration, effective radius and the average 
surface stellar mass dens ity (a^n : iKauffmann et alJl200a 
iBrinchmann et all 120041 ) . A striking similarity of clus- 
ter and field galaxies at z ~1.2 is again shown in Fig. [7] 
where we plot, 050, 



CT50 



0.5M* 



(7) 



versus the stellar mass, and compar e them with simi- 
lar data in the literature drawn from Zirm et~ail ((20071) 
at z ~ 2.5. Quiescent Distant Red Galaxies (qDRGs) 
are drawn as red ellipses, star-forming DRGs (sDRGs) 
are drawn as open red stars, while blue stars indicates 
Lyman Break Galaxies (LBGs) from the same work. 
While som e of ou r gala xies are almost a s dense as the 
IZirm et al.l (|2007ft and (jToft et all [2007ft quiescent dis- 
tant red galaxies (qDRGs), both our samples (filled cir- 
cles) overlap the region occupied by other 1.0 < z < 1.5 
galaxy samples (ITruiillo et all 120061: iDaddi et all 120051: 
Ivan der Wei et all 120061 : iRettura et all 12006ft (open red 
squares, open red circles, open black circles, open black 
squares, respectively). As a comparison we also overplot 
the local relation for ETG in SDSS (red dotted-dashed 



line) c alculated from the mass-size relation of lShen et al.l 
(2003). It is very clear in Fig. that the bulk of our 
galaxies in both samples have much larger densities that 
their local counterparts. To account for this effect in the 
context of a pla usible formation scenario , semi-analytical 
modeling (e.g. iKhochfar fe Silkl (|2006ft ) suggests that 
ETGs formed in gas-rich mergers can result in very dense 
stellar cores, as the gas is driven to the center of this 
"wet" (dissipative) merger where it very efficiently pro- 
duces massive starburts. Galaxies that merge in the early 
universe are likely to be gas-rich. Consequently the dense 
nature of this objects could be the result of much denser 
conditions of the universe at the time of their formation. 
We note that our finding that there is no dependence 
on the environment of the 050 vs, M* relation at z~ 1.2 
can provide an important datum for models of galaxy 
formation. 

4.2. The dependence of ETG ages and star formation 
histories on their environment 

As we apply the method described in section §3.2, we 
are able to directly compare the distribution of star- 
formation weighted ages in the field and in the cluster. 
As shown in the top panel of Fig. [8l we find the overall 
relative distribution of cluster and field ETG ages to be 
very similar. This result implies no significant delay in 
relative formation epochs is found for ETG in either en- 
vironments. We find that ~ 80% of massive ETGs have 
ages in the range 3.5 ±1.0 Gyr in both cluster and field. 

To investigate the dependence of this result on the ac- 
tual stellar population synthesis code adopted, we com- 
pare our current results (based on BC03 models) with 
those obtained w ith a set o f simila r dust-free CSPs tem- 
plates built with iMarastonl (|2005l ) models, adopting the 
same exponentially-decl ining SFHs of E q. (3[ and assum- 
ing solar metallicity and lSalpeterl (|1955ft IMF. The result 
of the analysis based on M05 models is shown in the bot- 
tom panel of Fig. [8] where we still find the cluster and 
field relative age distributions to be very similar, despite 
the fact that the contribution of the TP-AGB stars in 
these models are implemented in a different way. How- 
ever, here we find that ~ 60% of galaxies have ages in the 
range 3.5 ±1.0 Gyr; M05 models favor slightly younger 
ages (-1-2 Gyrs) for -20% of ETG in both environ- 
ments. This effect can be explained by the fact that, at 
about 1 Gyr, M05 models account for a larger amount of 
2 \im flux than BC03 models of the same age, resulting in 
significantly redder color at younger ages, thus can favor 
t — l-2Gyrs best-fits in a few cases. 

To summarize, we find that, regardless of the ac- 
tual stellar population synthesis code adopted, cluster 
galaxies ages have the same relative distribution as their 
field contemporaries: no significant delay in their for- 
mation epochs is found, within the errors (— Q.bGyr). 
This result is at variance with some versions of the 



(|Diaferio et al.ll2001 


: iDe Lucia et al.ll2006 


) and with fos- 


sil record studies ( 


Thomas et al.l 120051: 


Clemens et al.l 



2006), but in r emarkably good agreement w it h the 
ones derived by [v an Dokk um fc van der Marell (12007ft 
and Idi Serego Alighieri et al.l (|2006ft from the evolution 
of the M/L ratio. It should be noted that similar results 
are found by other works using independent methods and 
data-sets. 
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In the top- left panel of Fig. [9] we plot for both samples 
each galaxy age, t, as a function of stellar mass. We note 
that the age of ETG increases with galaxy mass in all 
environments, which is in agreement with t he so-called 
down sizing scenario of galaxy formation (jCowie et al.l 
1996). This effect can also be seen in the the top-right 
panel of Fig. O where we plot our galaxies' lookback time 
to formation as a function of their stellar mass, in both 
environments. Our result is in agreement with the one 
obtained with an independent method and data-set by 
(|di Serego Alighieri et ai1l2006[) and based on z~ 1 ETG 
ages estimated from the FP parameters (see their Fig. 
3). 

Despite of the fact that cluster and field galaxy for- 
mation epochs are found to be similar, it could still be 
possible that the timescales of their SFH are significantly 
different. Firstly, the data show that the distribution of 
cluster and field optical colors is significantly different. 
As a function of the stellar mass, cluster galaxies are 
found to lie on a very tight red-sequence, while those in 
the field populate the c olor-sequence with a larger scat- 
ter (Fig. [3]). Secondly, in lGobat et all ((20081) we find that 
the averaged spectrum of the cluster galaxies has a more 
pronounced 4000A break than that of the field sample. 

Both these pieces of observational evidence find a nat- 
ural explanation in the framework of our modeling. As 
shown in the bottom-right panel of Fig.[9j as a function of 
stellar mass, we find that field ETG span a larger range of 
timescales than their cluster contemporaries, which are 
formed with the shortest r at any given mass. Accord- 
ing to our models, cluster ETG are found to have expe- 
rienced more similar star- formation histories. As shown 
in the bottom-left panel of Fig. [9l cluster ETG form a 
color-age sequence with much smaller scatter than the 
field ones. 

As discussed in §2.1, we recall that our field sample 
is more deficient in lower mass objects than the clus- 
ter sample because of the different depths of spectro- 
scopic observations. However, even if the field sample 
were corrected for completeness, this would likely result 
in a larger fraction of field ETG at low mass, which are 
the ones that we found with longer r. Hence this would 
amplify the difference between the typical timescales of 
the two samples, and so not affect our conclusions. 

4.3. The dependence of ETG FUV magnitudes on their 
environment 

The rest-frame FUV (~ A 1700A) SED is a crucial 
range where hot (> 9000i^), massive (M > 2M Q ), short- 
living (< lGyr) stars emit most of their light. Thus it is 
a wavelength domain which is very sesnsitive to current 
or recent star formation. Most of the light from ETG is 
emitted in the optical and the NIR rest-frame. However, 
the FUV can be used as a good tracer of the residual 
current star-formation and to trace back, within the last 
Gyr, the most recent episode of star-formation. About 
lOOMyr after star formation ceases, an ETG spectrum 
becomes dimmer and redder. Therefore, the fainter the 
rest-frame UV emission is, the earlier the star forma- 
tion must have stopped. Over time, the galaxy spectrum 
fades and slowly reddens as the 4000 A break becomes 
more pronounced. Here we have used the VXT/VIMOS 
[/-band observations described in §2.2 to empirically con- 
strain the dependence on the environment of the most 



recent star formation processes in z~ 1.2 ETGs. 

However, when analyzing UV rest-frame fluxes of mas- 
sive ETG it is important to recall that core helium burn- 
ing stars on the horizontal bra nch (HB) are known to pro- 
duce a "UV upturn" feature (|Yi et al.lll997ill999[ ). This 
effect can, in principle, complicate the disentanglement 
of the contributions to the UV spectrum of the evolved 
and young stellar populations. However, the onset of the 
HB typically takes 9 Gyr, meaning that, by z=1.2 (when 
the Universe is only 5Gyr old), not enough cosmic time 
has elapsed for this population of stars to appear. Hence 
the UV flux seen in our sample ETG must originate only 
from young stars. 

In Fig.rrU]we show [/-band magnitudes (1" radius aper- 
ture; rest-frame ~ 1700A) as a function of stellar mass 
for the ETG detected in the field (filled blue circles). 
Solid lines represent the ler limit magnitudes of both 
data-sets (in blue for CDFS, in red CL1252). Dashed 
lines represent the 3er limits. As already pointed out in 
§2.2, the combined effect of shorter total exposure times 
and higher galactic extinction at the location of CL1252, 
directly translates into a ~ lmag deeper [/-band pho- 
tometry for the CDFS. 

A large fraction (75 %) of field ETG are (> 3cr) de- 
tected in the deep CDFS images. The observed magni- 
tude of the median stack of these detections is U =27.46 
mag (blue dotted line of Fig. fTOl). correspon ding to a 
SFR=0.47 M Q /yr ((Sawicki fc Thompson! [20061) . An im- 
age of the median U -band stack of the ETGs detected in 
the field, is displayed in the bottom- left corner of Fig.fTOl 

Since none of the CL1252 ETG is actually detected in 
our [/-band data, we use their median stack, shown in 
the middle of Fig. [lOl to provide a robust upper limit 
of U > 27.3 mag for the CL1252 early-type population, 
which corresponds to SFR< 0.55M Q /yr. 

We note that the non detection of the CL1252 ETG 
cannot only be attributed to the shallower [/-band data 
for the cluster. To prove this we have simulated how 
the CDFS detected ETG wou ld appear in t h e 125 2 data 
(more details can be found in lNonino et~aT1 ((2008)). We 
randomly placed the 20 [/-band detected CDFS ETG 
(0.4 mag dimmed to match the relative difference in 
galactic extinction) in the CL1252 maximally exposed 
region, avoiding objects detected in the [/-band, and re- 
peated this step 30 times. Hence we generated 32 median 
stacks of 18 simulated galaxies each, picking up at ran- 
dom amongst the cutouts. Aperture photometry (1" ra- 
dius) on these simulated CDFS&1252 stacks results in a 
median value of U =27.8 mag which is in agreeement with 
the dimmed inputs of the simulations. In the bottom- 
right corner of Fig. [Tniwe show one of these stacks, which 
would be clearly detected in 1252. Comparing this last 
value to the upper limit we measured in the cluster data, 
we can state with confidence that cluster ETG are in- 
trinsically fainter by at least 0.5 mag in the observed 
[/-band than their field contemporaries of similar mass 
and optical-to-infrared colors. 

This observational evidence corroborates the results of 
our stellar population synthesis analysis described in the 
previous subsection. In our proposed scenario, a gen- 
erally shorter timescale of the star formation process 
among the cluster galaxy population would naturally re- 
sult in a generally fainter observed [/-band magnitudes 
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compared to the field population at z~ 1.2. 

5. CONCLUSIONS 

We have obtained photometric parameters: PSF- 
matched aperture magnitudes in 9 bands from FUV to 
NIR rest-frame; and morphological information: effective 
radius, average surface brightness, Sersic index and av- 
erage surface stellar mass density for mass-selected sam- 
ples of 45 cluster and field massive (M > 5 • 10 10 M©) 
early-type galaxies at z~ 1.2. Apart from a lower level 
of spectroscopic completeness for the least massive field 
galaxies, that we find not to affect our conclusions, our 
sample has the advantage of being photometrically com- 
plete at our mass limit and having galaxy types assigned 
spectroscopically. 

For both samples we also have derived stellar masses, 
ages, and star formation histories, parameterized as 
timescales, r, of exponentially declining CSP model tem- 
plates built with BC03 and M05 models. 

From the data analysis performed in this work, we have 
obtained the following results: 

• Cluster and field ETG lie on a similarly tight Ko- 
rmendy Relation at z~ 1.2. When compared to 
the local relation, our galaxies are l-2mag brighter 
than at z~0, similar to what has been found 
by other studies at z ~ 1.0 in the field (e.g., 
(|Longhetti et alj|2007l) ). The evolution of the KR 
cannot be explained as pure luminosity evolution 
and we conclude that ETG must undergo a similar 
size evolution in both environments. 

• We find no dependence on the environment of the 
size vs. stellar mass relation, or for the average sur- 
face stellar mass density vs. stellar mass relation at 
z~ 1.2. As a comparison we constrast both of them 
with the local relations for ETG found in SDSS. We 
find that the bulk of our ETG in both samples have 
much smaller sizes (and larger densities) than their 
local counterparts. Our data therefore indicate a 
strong size evolution for both the cluster and field 
galaxies. 

• We find no significant delay in the formation epochs 
of massive ETG observed in the cluster and in the 
field at z~ 1.2. This result is true robust for models 
that treat the contribution of the TP-AGB stars in 
very differnt way (i.e., BC03 or M05). However our 
result is at va riance with some versions of hierar- 
chica l models ( Diafcrio et al. 2 0011 : iDe Lucia et al 



2005 



2006) and with fossil record studies (jThomas et al 



iClemens et al.l [2006) , but is in remarkably 
good agreement with those obtained from the evo- 
lution of the M/L ratio. 

The age of ETG increase with galaxy mass in all en- 
vironments, which is in agreement with the down- 
sizing scenario. The site of active star formation 
must have shifted from the most massive to the 
less massive galaxies as a function of the cosmic 
time. The formation epochs of ETG only depends 
on their mass and not on the environment they live 
in. 



• We present new deep [/-band observations in the 
rest-frame FUV (~ A 1700A) for both samples 
ETG. We detected 75 % of the field ETG at z~ 
1.2. The observed magnitude of the median stack 
of these detections is U =27.46 mag, which corre- 
sponds to a SFR=0.47 M Q /yr. 

• None of the CL1252 ETG was actually detected 
in our shallower (by ~ 1 mag) [/-band data, but 
we used their median stack image to provide a ro- 
bust upper limit of U > 27.3 mag for the CL1252 
early-type population, which corresponds to SFR< 
O.55M /V. 

• Using simulations, we find that the median stack 
of the CDFS ETG could be clearly detected in the 
actual CL1252 data at [7=27.8 mag. Comparing 
this value to the upper limit we measured from the 
cluster data, we can firmly state that cluster ETG 
are intrinsically fainter by at least 0.5 mag in the 
[/-band than their field contemporaries of similar 
mass and optical-to-infrared colors. This observa- 
tional evidence implies that the last episode of star 
formation must have happened more recently in the 
field than in the cluster. 

• The data also show two other compelling pieces 
of evidence that cluster and field SFHs are signifi- 
cantly different: 1) as a function of the stellar mass, 
cluster galaxies are found to lie on a very tight color 
sequence while the field galaxies populate it with 
a larger scatter; 2) i n a companion pa per based 
on the same data-set. iGobat eta l. (2008) find that 
the averaged spectrum of the cluster galaxies has 
a more pronounced 4000A break than that of the 
field sample. 

• Finally we have been also able to explain both 
these pieces of observational evidences in the 
framework of our stellar population modeling. 
Field ETG best-fit models span a larger range of 
timescales than their cluster contemporaries, which 
are formed with the shortest r at any given mass. 

While cluster and field galaxy observed at z~ 1.2 form 
at approximately the same time, a high density envi- 
ronment is able to trigger more rapid and homogenous 
SFHs for the ETGs, limiting the range of possible star- 
formation processes. In low density environments, this 
effect must rapidly fade as ETG undergo a much broader 
range of possible star formation histories. We also note 
that this scenar io is in very good agreement with the 
one proposed bv lMenci et al.l (|2008l ). based on the latest 
rendition of semi- analytic models. 
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Fig. 1. — BC03 composite stellar population models of 4.0Gyr old models, of different rs. The colored lines are the filter transmission 
curves of the observing bands we use throughout this work, shifted to our sample rest-frame. 
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Fig. 2. — Top panel: i — K 3 vs V — i color-color plot of BC03 composite stellar population models at z = 1.24 superimposed on our 
GOODS ETG photometry at z = 1.24 ± 0.15 in blue circles. The squares account for SFHs with various r models. The grids are drawn 
for seven different ts and five ages (2,2.5,3,3.5,4 Gyrs): the colored lines repre sent iso-metallicity c olors of Zq. The black arrow indicate 
an extinction of E(B — V) = 0.2 as parameterized with the reddening curve of (Cardelli ct al. 1989). Bottom left panel: i — K s vs. B — i 
color-color diagram of the same models and data: B-band (A res t ~ 2000A) is mandatory to break the age-SFH degeneracy at z=1.24 
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Fig. 7. — The stellar mass vs. the Average surface mass density within the half-light radius for the ETG in the cluster (filled red circles) 
and in the field (filled blue circles). For comparison we o ver- plot z ~ 2.5 qu iescent DRGs (qDRGs) (open red ellipses), star-forming DRGs 
(sDRGs) (open red stars), LBGs (filled blue stars) from[Zirm ct al. (2007) pap er. Other samples of 1.0 < z < 1-5 ETG ar e also drawn 
from the works of (Truiillo ct al. 2006) (open red squares), (Daddi et al. 2005) (open red circles), (van dcr Wcl ct al. 2006) (open black 
circles), and tRettura et al.ll2006 | ) (open black squ ares). The red dotted-dashed line represent the local relation for ETG in SDSS calculated 
from the mass-size relation of TShen et al.l J2002). The error bar in the bottom-right is representative of the typical uncertainties of our 
measurements. 
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Fig. 9. — Top-left panel: Stellar mass vs. star formation weighted ages for the ETG in the cluster (filled red circles) and in the field 
(filled blue circles). Top-right panel: The dependence of the lookback time to formation on the galaxy mass. Bottom-left panel: Rest-frame 
U — B color vs. age of ETG in both environments. Bottom-right panel: Formation timescales, r, of ETG as a function of their stellar mass 
in both the field and cluster environment. The mean error in stellar age is 0.5 Gyr. Uncertainties in stellar masses and r are ~ 0.15 dex 
and ~ 0.2 Gyr, respectively. 
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Fig. 10. — Stellar Mass vs. [/-band observed magnitude (rest-frame ~ 1700A) for the ETG detected in the field (filled blue circles). Solid 
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